Abstract: Background: Hepcidin encoded by HAMP is vital to regulating proliferation, metastasis, and migration. Hepcidin is secreted specifically by the liver. This study sought to examine the functional role of hepcidin in hepatocellular carcinoma (HCC). Methods: Data in the Cancer Genome Atlas database was used to analyze HAMP expression as it relates to HCC prognosis. We then used the 5-ethynyl-20-deoxyuridine (EdU) incorporation assay, transwell assay, and flow cytometric analysis, respectively, to assess proliferation, migration, and the cell cycle. Gene set enrichment analysis (GSEA) was used to find pathways affected by HAMP. Results: HAMP expression was lower in hepatocellular carcinoma samples compared with adjacent normal tissue controls. Low HAMP expression was linked with a higher rate of metastasis and poor disease-free status. Downregulation of HAMP induced SMMC-7721 and HepG-2 cell proliferation and promoted their migration. HAMP could affect the cell cycle pathway and Western blotting, confirming that reduced HAMP levels activated cyclin-dependent kinase-1/stat 3 pathway. Conclusion: Our findings indicate that HAMP functions as a tumor suppressor gene. The role of HAMP in cellular proliferation and metastasis is related to cell cycle checkpoints. HAMP could be considered as a diagnostic biomarker and targeted therapy in HCC.
Introduction
Hepatocellular carcinoma (HCC), as a cancer with one of the highest mortality rates, is a serious threat to public health [1] . Over the past 20 years, HCC-induced mortality has increased, and current estimates suggest it will continue to do so in the future. Roughly 85% of HCC occurs in developing nations and regions in Africa, Southeast Asia, and China, though rates are rising even in North America [2] . HCC incidence tripled in the United States from 1975 to 2005, and at present, roughly 20,000 cases are detected each year in the United States alone. Most patients are not diagnosed with HCC until they are in intermediate or advanced stages of the disease, at which point it is often impossible to cure [3] . Multiple therapeutic options are currently available for the treatment of HCC, 423 HCC patients. We defined genetic alterations as gene mRNA high expression if greater than the medium value [23] .
Cell Culture
DMEM containing 10% FBS as well as penicillin/streptomycin was used to culture HepG-2 and SMMC-7721 cells (cell lines obtained from ATCC). For individual experiments, 100,000 cells were plated per well on a six-well plate for 12 h unless otherwise indicated.
Western Blotting
We plated 250,000 cells/well on a six-well plate and transfected them as indicated. A mammalian lysis buffer with protease inhibitor cocktail (Beyotime, Shanghai, China) was then used to lyse cells. Extracted protein was electrophoretically separated using 10%-15% SDS-PAGE gels and then transferred to PVDF membranes. These membranes were then probed using anti-HAMP (1:1000; Abcam, Cambridge, UK, Rabbit AB75883), anti-GAPDH (1:5000; Proteintech, Mouse AB8226), anti-CDK1(1:1000; Invitrogen, Carlsbad, CA, USA, H68.4), and anti-STAT3 (1:1000; Abcam, Rabbit AB75883). Next, HRP-labeled secondary antibodies were used to detect primary antibodies, and an ECL plus Detection System (T5200, Tanon) was used to visualize proteins, with densitometry being calculated via Image J.
HAMP shRNA Transfection
HAMP Silencer shRNA (Genechem, Shanghai, China, sequence: (5 -3 ) CGCTTGCCTCCTGCT CCTCCT; antisense AGGAGGAGCAGGAGGCAAGCG) and HAMP overexpression vector (Genechem, sequence: (5 -3 ) GAGGATCCCCGGGTACCGGTCGCCACCATGGCGGAGCCGAGC GGC; antisense TCACCATGGTGGCGACCGGGCTGACACTCAACTGAGCA) were prepared at a stock 100 concentration, from which working 10-µM stocks were prepared for each individual use. Opti-DMEM medium (Gibco, Life Technologies, Waltham, MA, USA) was used to dilute Lipofectamine 3000, and then shRNA was added at a final concentration of 20 pM of shRNA for 10 min. The combined mixture was then added onto target cells, which were collected 48 h later. As a negative control, cells were also transfected using Silencer Select Negative Control shRNA, as mentioned above.
Quantitative RT-PCR
TRIzol (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA based on provided protocols. This RNA was then reverse transcribed to cDNA via a PrimeScript RT kit (TaKaRa, Beijing, China). cDNA was next used for qPCR with SYBR Premix Ex Taq (TaKaRa) in a CFX96 Touch qPCR System (Bio-Rad Laboratories, Hercules, CA, USA). Table 1 describes all the primers used, and gene expression was normalized to GAPDH via the 2 −∆∆Ct approach [24] .
Tumor Colony Forming Assay
For colony forming assays, we plated 1000 HepG-2 and SMMC-7721 cells per well on six-well plates overnight and then transfected these cells with HAMP shRNA or control. After 24 h, media was changed, and 10 days later, we assessed cells to count the colonies formed. Media were changed every two days during this time. On day 10, cells were fixed for 20 min using 4% paraformaldehyde, stained via crystal violet (Sigma-Aldrich, San Francisco, CA, USA) and imaged to count colonies.
5-Ethynyl-20-deoxyuridine (EdU) Incorporation Assay
Cells were labeled with EdU based on provided directions (RiboBio, Guangzhou, China). Briefly, we plated 250,000 HepG-2 and SMMC-7721 cells per well on a six-well plate overnight. Cells were transfected with HAMP shRNA and control HAMP shRNA as the vehicle. Twenty-four hours post-transfection, fresh the culture medium was added and further incubated for another 24 h. Then, cells were tested by an EdU staining kit as per the protocol. SMMC-7721/HepG-2 cell staining was observed under a fluorescent inverted microscope (Leica DMIL, Leica Microsystems, Solms, Germany). 
Wound-Healing Assay
To measure migration, we plated 1,000,000 stably transfected control vector or sh-HAMP SMMC-7721 cells and HepG-2 cells per well on six-well plates in a 2-mL volume for 24 h. We then generated a wound in the cell layer using a 200-µL tip, and cells in this area were removed via PBS rinsing. Low-serum media were then added to the cells (DMEM + 0.5% FBS), and a Leica DMIL inverted microscope was used to image cells at 0 and 24 h. The area of this wound was measured in Image J, and the degree of wound closure was calculated as follows: wound closure = wound area at 0 h − wound area at 24 h.
Cell Cycle Analysis
We plated cells at 2,000,000/mL in six-well plates and then transfected them using control vector or sh-HAMP SMMC-7721 for 24 h. We then collected cells, washed them using PBS, and fixed them overnight using 75% ethyl alcohol at 4 • C. After washing twice in PBS, cells were treated for 30 min with RNAse A and were then stained using 500 µL of propidium iodide at room temperature for 30 min. An Accuri C6 (BD Biosciences, New York, NY, USA) was then used for cell cycle analysis.
Animal Treatment
The SPF Animal Laboratory of Beijing Sibeifu approved this study (animal authorization reference number: SCXK2016-0002, approval date: 30 August 2016). Male BALB/c-nu mice were 4-weeks old and housed under standard conditions with free food/water access. The animals were cared for in accordance with the institution's guidelines. Mice were randomized into two groups: the control group and the HAMP shRNA1 groups (five mice in each group). Control or HAMP-shRNA-transfected SMMC-7721 cells were digested, washed thrice in PBS, and adjusted to 10,000,000 cells/mL in cold PBS. A total of 100 µL of this suspension was then injected subcutaneously. After 4 weeks, mice were sacrificed and tumors were isolated and weighed.
Statistical Analysis
Data are means and standard deviations. Results were compared via paired t-tests or ANOVAs.
Results

HAMP Expression Is Significantly Suppressed in Hepatocellular Carcinoma
The expression of HAMP was assessed in 423 samples, including 373 tumor tissue samples and 50 adjacent tissue samples from TCGA dataset. HAMP expression was significantly inhibited in liver tumor tissues compared with adjacent tissue ( Figure 1A ). In addition, the mean folds change of HAMP in tumor tissues was about 230.3 compared with adjacent tissues ( Figure 1B ). These data showed HAMP was significantly inhibited in HCC.
Lower HAMP Expression Is Associated with Higher Cancer Metastasis Rate and Recurrence
We first evaluated TCGA data to assess if HAMP was associated with important outcomes in HCC. Our results showed that HCC patients with low HAMP expression had poorer outcomes. (Table 1 ). This dataset contains specimens from 127 patients diagnosed with HCC and annotated with cancer metastasis and disease-free status data. Analysis of HAMP expression of HCC tissues with M0 or M1 cancer metastasis grade showed that tumor tissues with higher metastasis grade had lower HAMP expression ( Figure 1C ). Furthermore, tumor tissues with low HAMP expression were linked to a significantly worse disease-free status ( Figure 1D ). These results suggest that lower HAMP expression could induce poorer prognosis in HCC patients.
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Low HAMP Expression Promotes Hepatocellular Carcinoma Proliferation In Vivo
In order to analyze the effect of HAMP on hepatocellular carcinoma in vivo, we used nude mice bearing tumor experiment. SMMC-7721 cells transfected with control or HAMP silencer shRNA were injected subcutaneously. After 4 weeks, the mice were sacrificed, and the tumors were removed, weighted. Figure 4A -E showed that low expression of HAMP promoted tumor volume growth. In HAMP shRNA groups, tumor weights were significantly higher than control groups. These data showed that low expression of HAMP promotes hepatocellular carcinoma proliferation in vivo. 
Low HAMP Expression Is Associated with Cell Cycle Checkpoint in Gene Set Enrichment Analysis (GSEA) of the TCGA
Given that low expression of HAMP accelerated the proliferation and migration of hepatocellular carcinoma cell, we used the Gene Set Analysis of the TCGA to explore potential HAMP targets. We divided the data of the TCGA into HAMP lower expression and HAMP higher expression according to the median HAMP expression in TCGA dataset. Comparison of transcript levels in HAMP-high and -low tumors revealed a range of differentially expressed genes. Our data showed HAMP expression significantly affected the cell cycle checkpoint and associated with the cell cycle of hepatocellular carcinoma ( Figure 5A,B) . GSEA without gene parsing also identified G2M checkpoint targets as being highly enriched. Collectively, GSEA analysis of TCGA indicated that low HAMP expression affects the activation of the G2M checkpoint to influence the cell cycle of the hepatocellular carcinoma, which contributes the aggressive HCC. 
HAMP Suppression Results in High Cellular Iron Concentration in Cells and Activated CDK1/STAT3 Pathway
Hepcidin encoded by the HAMP gene is one of the most critical molecular regulators for cellular and systemic iron metabolism. In this study, we tested the iron concentration in SMMC-7721 and HepG-2 cells transfected with HAMP shRNA to determine the effects of hepcidin iron metabolism. Our data showed that downregulation of HAMP could increase cellular iron concentration ( Figure 6A ). It was reported that iron contributes to multiple bioprocesses, including DNA synthesis, enzyme catalysis, redox metabolism, cell cycle regulation, and multiple signaling pathways. In Figure 5 , GSEA analysis shows that low HAMP expression affected the cell cycle pathway. Furthermore, low expression of HAMP increased the cellular iron concentration. We Figure 5 . Gene set enrichment analysis (GSEA) based on HAMP expression in HCC patients. To identify pathways linked to HAMP expression in The Cancer Genome Atlas (TCGA) samples, we compared gene expression in those with low HAMP expression (blue) and high HAMP expression (red). Visualizations were produced using Cytoscape and Enrichment map (1% FDR, p < 0.005). Each node is representative of a set of enriched genes, with annotations being ascribed based on how similar the sets are to one another. A network of nodes was used to map the enrichment results, with the size of nodes being directly correlated with the gene number in that particular gene set. The number of genes shared between two given gene sets determined the thickness of the green line connecting them. The final map was generated via removal of any general or noninformative smaller networks in order to simplify the final diagram. (A) Go enrichment plot showed HAMP downregulation is related to cell cycle checkpoint. (B) KEGG enrichment plot showed HAMP downregulation is related to the cell cycle.
Hepcidin encoded by the HAMP gene is one of the most critical molecular regulators for cellular and systemic iron metabolism. In this study, we tested the iron concentration in SMMC-7721 and HepG-2 cells transfected with HAMP shRNA to determine the effects of hepcidin iron metabolism. Our data showed that downregulation of HAMP could increase cellular iron concentration ( Figure 6A ). It was reported that iron contributes to multiple bioprocesses, including DNA synthesis, enzyme catalysis, redox metabolism, cell cycle regulation, and multiple signaling pathways. In Figure 5 , GSEA analysis shows that low HAMP expression affected the cell cycle pathway. Furthermore, low expression of HAMP increased the cellular iron concentration. We hypothesized that the increase in cellular iron concentration may activate cell cycle checkpoints and related pathways. In Figure 6B , we found that low expression of HAMP induces the proportion of cells in the S phase of the cell cycle. As cyclin-dependent kinases 1/stat3 was reported as a critical pathway affected by iron concentration in tumor proliferation and migration, we tested the expression of the cyclin-dependent kinases 1/stat3 pathway. Western blotting was performed to assess changes in the expression of cdk1/stat3-related molecules in the SMMC-7721 cells transfected with either control vector or shRNA HAMP. The results showed that after knockdown of the HAMP expression in SMMC-7721 cells and tumor tissues, the expression of cyclin-dependent kinases 1(cdc2) was significantly increased, and the expressions of stat3 and phospho-stat3 were significantly increased ( Figure 6C,D) , respectively. These findings suggest that downregulation of HAMP could activate the cdk1/stat3 pathway.
Diagnostics 2019, 9, x FOR PEER REVIEW 12 of 16 hypothesized that the increase in cellular iron concentration may activate cell cycle checkpoints and related pathways. In Figure 6B , we found that low expression of HAMP induces the proportion of cells in the S phase of the cell cycle. As cyclin-dependent kinases 1/stat3 was reported as a critical pathway affected by iron concentration in tumor proliferation and migration, we tested the expression of the cyclin-dependent kinases 1/stat3 pathway. Western blotting was performed to assess changes in the expression of cdk1/stat3-related molecules in the SMMC-7721 cells transfected with either control vector or shRNA HAMP. The results showed that after knockdown of the HAMP expression in SMMC-7721 cells and tumor tissues, the expression of cyclin-dependent kinases 1(cdc2) was significantly increased, and the expressions of stat3 and phospho-stat3 were significantly increased ( Figure 6C,D) , respectively. These findings suggest that downregulation of HAMP could activate the cdk1/stat3 pathway. In summary, our study showed that the expression of HAMP was downregulated in tumor tissues compared with adjacent tumor tissues in HCC patients. Furthermore, HCC patients with lower expression of HAMP showed a higher rate of metastasis and recurrence rate. ShRNA HAMP was used to knockdown the HAMP expression in SMMC-7721 and HepG-2 cells. The cell proliferation and migration assay showed that the downregulation of HAMP resulted in increased cell proliferation and migration. GSEA analysis showed that the downregulation of HAMP activated the cell-cycle-related pathways to induce cell proliferation and migration. The Western blotting test showed low expression activated the cdk1/stat3 pathway. These findings, thus, suggest that the downexpression of HAMP could induce HCC proliferation and migration via activating the cdk1/stat3 pathway ( Figure 6E ).
Discussion
Iron is one of the most crucial elements in humans for its indispensable biological functions in life. Iron intake in the human body includes endogenous and exogenous iron intake. Endogenous iron is derived from macrophages which engulf and digest aging red blood cells and then release iron through the FPN channel. Exogenous iron intake relies on FPN channels that absorb iron from digested food through intestinal epithelial cells. Together, endogenous and exogenous iron maintain systemic iron in a dynamic equilibrium. Systemic iron metabolism is regulated by the hepcidin-ferroportin axis, while hepcidin plays a key role in iron homeostasis. A high level of systemic iron can promote the expression of hepcidin, which binds with the FPN, thus inducing FPN endocytotic degradation, while a low level of systemic iron inhibits the expression of hepcidin and activates the FPN. Dysregulated hepcidin-expression-induced iron metabolism imbalance is related to multiple diseases, including anemia [25] , Gaucher disease [26] , neurodegenerative diseases [27] , and cancer [28, 29] .
Tumor cells require large amounts of intracellular iron to supply cell proliferation, migration, and invasion. Hepcidin expression in tumor cells is strongly correlated with regulation within tumor cells relative to normal cells. Hepcidin expression is substantially elevated in colorectal cancer, whereas it is largely absent in nearby normal tissues [30] . Similarly, in prostate cancer, hepcidin is highly expressed in cancer cells and linked to regulating cell proliferation, migration, and apoptosis by increasing intracellular iron transportation [31] . Moreover, in breast cancer, there were some limited increases in hepcidin expression within tumors relative to nearby normal tissues [32] . Chen et al. found that the serum hepcidin concentration was higher in patients with NSCLC than in noncancerous individuals [33] . In these cancers, increased serum hepcidin mainly allows for increased iron within tumor cells, given that higher levels of local hepcidin result in the degradation of FPN, thus preventing iron export and increasing iron levels within tumor cells to facilitate survival and proliferation [34] .
However, the expression of hepcidin showed the opposite result in liver cancer [35] . In HCC, levels of hepcidin are lower in tumor samples than in controls, unlike in other tumor types [36] . This phenomenon may be regulated by unique molecular pathways in the liver. A few studies suggest that BMP6 and HJV, which are inhibited in liver cancer, are the main regulator of hepcidin expression [37, 38] , while studies have also shown that the low expression of hepcidin predicts poor prognosis in liver cancer patients. Nahon et al. assessed how baseline hepcidin levels in the serum influenced the outcomes in 237 patients suffering from alcoholic cirrhosis. Their study determined that lower levels of serum hepcidin were linked to poorer long-term survival [21] .
Conclusions
Our study found that HAMP is downregulated in liver cancer and indicates poor disease prognosis. As showed above, HAMP in liver cancer is regulated by a specific pathway to satisfy tumor proliferation and migration. Our results also showed that the cancer cells with low hepcidin had a higher cellular iron level, which can activate cell cycle checkpoints and promote cancer cell proliferation and migration. Overall, our study suggests that HAMP could be a potential diagnostic and therapeutic target for the treatment of HCC.
